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(57) A functionaily graded rare earth pemianent 
magnet having a reduced eddy current loss In the foim 
of a sintered magnet body having a composition 
^^"^tAjf^e^i^^g *^ obtained by causing E and fluorine 
atoms to be absorbed in a R-Fe-B sintered magnet body 
from Its surface. E is at least one element selected from 
alkaline earth metal elements and rare earth elements. 
F Is distributed such that Its concentration increases on 
the average from the center toward the surface of the 
magnet body, the concentration of E/(R+E) contained in 
grain boundaries surrounding primary phase grains of 
(R.E)2T^4A tetragonal system Is on the average higher 
than the concentration of E/{R+E) contained in the 



primary phase grains, the oxyfluoride of (R,E) is present 
at grain boundaries in a grain boundary region that 
extends from the magnet body surface to a depth of at 
least 20 fjim, particles of the oxyfluoride having an 
equh^aient circle diameter of at least 1 ixm are distributed 
in the grain boundary region at a population of at least 
2,000 particles/mm^, the oxyfluoride Is present in an area 
fraction of at least 1%. The magnet body includes a 
surface layer having a higher electric resistance than in 
the interior. In the pemianent magnet, the generation of 
eddy current within a magnetic drcuit is restrained. 
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Descriptfon 

. [0001] This Invention relates to high-performance rare earth permanent magnets having a graded function. i.e. a high 
electric resistance localised at the surface whereby the generation ot eddy currents within a magnetic circuit can be 
s restrained. 

BACKGROUND 

[0002] Because of excellent magnetic properties, Nd-Fe-B pemrianent magnets find an ever increasing range of ap- 
plication. To meet the recent concern about the environmental problem, the range of utilization ot magnets has spread 
to cover large-size equipment such as industrial equipment, electric automobiles and wind power generators. This 
requires further improvements in performance and electric resistance of Nd-Fe-B magnets. 

[0003] Eddy cun^ent Is one of factors that reduce the efficiency of motors. Although eddy cunrent mainly generates in 
a magnetic core, the eddy current of the magnet itself becomes more noticeable as the motor becomes larger in size. 

15 Especially In the case of an Interior pemnanent magnet (IPM) motor having a rotor wherein slots are perforated in a 
laminate of magnetic core plies stacked with interleaving insulating films and permanent magnets are in sliding fit with 
the slots, the magnets facilitate conduction between core plies, allowing a greater eddy current to generate. There have 
been proposed several methods for coating magnets with insulating resins. There are left some problems that resin 
coatings can be rubbed and sto-ipped off when magnets are slidingly inserted into slots, and the "shrinkage fr technique 

20 of securing magnets by utilizing themnal expansion is not applicable. 

[0004] Also there have been proposed several methods of processing magnets Into thin plates like the core piles, and 
stacking magnet plates with i nterteaving insulating plates. These methods are not widespread because of low productivity 
and increased costs. 

[0005] It would be effective Instead to increase the electric resistance of pennanent magnets themselves, and a number 

25 of methods have been proposed. Since Nd-Fe-B penmanent magnets are metallk: materials, they have a low electric 
resistance, as demonstrated by a resistivity of 1.6X10-6 il-m. In a typical prior art approach, a number of particles of 
high electric resistance substance such as rare earth oxide are dispersed in a magnet to induce more electron scattering 
by which the resistance of the magnet is Increased. On the other hand, this approach reduces the volume fraction in the 
magnet of the primary phase of UtiJFe^^^ compound contributing to magnetism. There is a contradictory problem that 

30 the higher the resistance, the vnore outstanding become the magnetic property losses. 

[0006] Japanese Patent No. 3,471 ,876 discloses a rare earth magnet having improved corrosion resistance, comprising 
at least one rare earth element R, which is obtained by effecting fluorinatlng treatment in a fluoride gas atmosphere or 
an atmosphere containing a fluoride gas, to fonm an RF3 compound or an RO^Fy compound (wherein x and y have 
values satisfying 0 < x < 1.6 and 2x-i-y = 3) or a mixture thereof with R In the constituent phase In a surface layer of the 

35 magnet, and further effecting heat treatment at a temperature of 200 to 1 ,200**C. 

[0007] JP-A 2003-28231 2 discloses an R-Fe-(B,C) sintered magnet (wherein R is a rare earth element, at least 50% 
of R being Nd and/or Pr) having improved magnetizability which Is obtained by mixing an alloy powder for R-Fe-(B,C) 
sintered magnet with a rare earth fluoride powder so that the powder mixture contains 3 to 20% by weight of the rare 
earth fluoride (the rare earth being preferably Dy and/or Tb), subjecting the powder mixture to orientation In a magnetic 

40 field, compaction and sintering, whereby a primary phase is composed mainly of Nd2Fei4B grains, and a partteulate 
grain boundary phase Is formed at grain boundaries of the primary phase or grain boundary triple points, said grain 
boundary phase containing the rare earth fluoride, the rare earth fluoride being contained In an amount of 3 to 20% by 
weight of the overall sintered magnet. Specifically, an R-Fe-(B,C) sintered magnet (wherein R is a rare earth element, 
at least 50% of R being Nd and/or Pr) is provided wherein the magnet comprises a primary phase composed mainly of 

45 Nd2Fe,4B grains and a grain boundary phase containing a rare earth fluoride, the primary phase contains Dy and/or Tb, 
and the primary phase Includes a region where the concentration of Dy and/or Tb Is lower than the average concentration 
of Dy and/or Tb In the overall primary phase. 

[0008] These proposals, however, are still Insufficient in Improving surface electric resistance. 

[0009] JP-A 2005-1 1 973 discloses a rare earth-iron-boron base magnet which is obtained by holding a magnet in a 

^ vacuurn tank, depositing an element M or an alloy containing an element M (M stands for c* a or more rare earth elements 
selected from Pr, Dy, Tb, and Ho) whteh has been vaporized or atomized by physical rr.*.ans on the entirety or part of 
the magnet surface In the vacuum tank, and effecting pack cementation so that the element M Is diffused and penetrated 
from the surface into the interior of the magnet to at least a depth corresponding to the radius of crystal grains exposed 
at the outermost surface of the magnet, to fonm a grain boundary layer having element M enriched. The concentration 

55 of element M in the grain boundary layer is higher at a position nearer to the magnet surface. As a result, the magnet 
has the grain boundary layer in which element M Is enriched by diffusion of element M from the magnet surface. A 
coercive force Hcj and the content of element M in the overall magnet have the relationship: 
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Hcj a 1 + 0.2xM 

5 wherein HcJ Is a coercive force In unit MA/m and M Is the content (wt%) of element M In the overall nnagnet and 0.05 < 
M S 10. This method, however, is extrennely unproductive and impractical. 

[001 0] An object of the present invention is to provide new and useful rare earth pemrianent magnets having a graded 
function and satisfying both a high electric resistance and excellent magnetic properties, and methods of making such 
magnets. 

10 [0011):* Regarding B-Fe-B sintered magnets (wherein R is one or more elements selected from rare earth elements 
inclusive of Sc and Y), typically IMd-Fe-B sintered nnagnets, the inventors have found that when a magnet body Is heated 
at a temperature not higher than a sintering temperature, with a space surrounding the magnet body surface being 
packed with a powder based on a fluoride of R, both R and fluorine which have been in the powder are efficiently absorbed 
in the magnet body so that oxyfluoride particles having a high electric resistance are distributed only In a surface layer 

IS of the magnet body at a high density, for thereby increasing the electric resistance of only the surface layer. As a result, 
the generation of eddy cunnent is restrained while maintaining excellent magnetk: properHes. 

[001 2J Accordingly, the present invention provides a functionally graded rare earth permanent magnet having a reduced 
eddy current loss In the fonm of a sintered magnet body which Is obtained by causing E and fluorine atoms to be absorbed 
in a R-Fe-B sintered magnet body from its surface and which has an alloy composition of formula (1) or (2): 



20 
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(R-E)a4bTcA^FeO,Mg (2) 



wherein R is at least one element selected fronn rare earth elements inclusive of So and Y, and E is at least one element 

30 selected from alkaHne earth metal elements and rare earth elements, R and E may contain the same element or elements, 
the sintered magnet body has the alloy composition of formula (1) when R and E do not contain the same element(s} 
and has the alloy composition of fomiula (2) when R and E contain the same element(s), T Is one or both of Iron and 
cobalt;:A is one or both of boron and cartoon, F Is fluorine. O Is oxygen, and M Is at least one element selected from the 
group consisting of A1, Cu, 2n. In, SI, P, S, Tl, V, Cr, Mn. Ni, Ga, Ge, Zr, Nb, Mo, Pd. Ag, Cd. Sn, Sb, Hf. Ta, and W, a 

35 through g indicative of atom percents of the corresponding elements in the alloy have values in the range: 1 0 < a ^ 15 
and 0.005 ^ b ^ 2 in case of formula (1 ) or 1 0.005 5 a+b S 1 7 in case of fonnula (2), 3 ^ d ^ 1 5, 0,01 5 e s 4, 0.04 ^ f < 
4, 0.01 ^ g ^ 1 1 , the balance being c, the magnet body having a center and a surface. Constituent element F is distributed 
such that its concentration increases on the average from the center toward the surface of the magnet body. Grain 
boundaries sun'ound primary phase grains of (R,E)2T^4A tetragonal system within the sintered nnagnet body. The con- 

^ centration of E/(R-i-E) contained in the grain boundaries is on the average higher than the concentration of E/(R+E) 
contained in the primary phase grains. The oxyfluoride of (R,E) is present at grain boundaries in a grain boundary region 
that extends from the magnet body surface to a depth of at least 20 jj,m. Particles of the oxyfluoride having an equivalent 
circle diameter of at least 1 pjn are distributed in the grain boundary region at a population of at least 2,000 particles/mm^. 
The oxyfluoride is present in an area fraction of at least 1%. The magnet body includes a surface layer having a higher. 

^ electric resistance than In the magnet body interior. As a consequence, the magnet can have a low or reduced eddy 
current loss in relevant uses. 

[0013] In preferred embodiments, R comprises at least 10 atom% of Nd and/or Pr, T comprises at least 60 atom% of 
iron; and A comprises at least 80 atom% of boron. 

[0014] In this way, functionally graded rare earth penmanent magnets are provided wherein the generation of eddy 
50 cunent within a magnetic drcuit is restrained. 

BRIEF DESCRiPTION OF THE DRAWINGS 
[0015] 



FIG. la, lb, and 1c are photomicrographs showing compositional distribution images of Nd, O, and F in a magnet 
body M1 manufactured in Example 1, respectively. 

FIG. 2 is a graph in which the resistivity of the magnet body Ml of Example 1 is plotted relative to a depth from the 
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magnet surface. 

FIG. 3d, 3e, and 3f are photomfcrographs showing compositional distribution images of Nd, O, and F in a magnet 
« body M4 manufactured In Example 4, respectively. 

FIG. 4 is a graph in which the resistivity of the magnet body M4 of Example 4 Is plotted relative to a depth from the 
^ magnet surface. 

FURTHER EXPLANATIONS: OPTIONS AND PREFERENCES 

[001 6] The rare earth permanent magnet of the invention is in the f omn of a sintered magnet body obtained by causing 
'fo £ and fluorine atoms to be absorbed in a R-Fe-B sintered magnet body. The resultant magnet body has an alloy 
composition of the formula (1) or (2). 



IS 
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(R-E)^,.,T^A^P^O^M^ (2) 



Herein R is at least one element selected from rare earth elements inclusive of Sc and Y, and E is at least one element 
selected from alkaline earth metal elements and rare earth elements. R and E may be overlapped each other and may 
contain the same element or elements. When R and E do not contain the same element or elements each other, the 
sintered magnet body has the alloy composition of fonmula (1). When R and E contain the sarne element or elements 
each other, the sintered magnet body has the alloy composition of formula (2). T is one or both of iron (Fe) and cobalt 
(Co), A is one or both of boron and carbon, F is fluorine, O Is oxygen, and M is at least one element selected from the 
group consisting of Al, Cu, Zn, In. SI. P, S. Ti. V, Cr, Mn, Ni, Ga, Ge, Zr, Nb, Mo. Pd. Ag, Cd, Sn, Sb, Hf, Ta, and W. 
The subscripts a through g indicative of atom percents of the corresponding elements in the alloy have values in the 
30 range: 1 0 ^ a s 15 and 0.005 ^ b ^ 2 In case of fonmula (1) or 10.005 < ai-b ^ 17 In case of fomiula (2), 3 ^ d ^ 15, 0.01 
S e 2 4. 0.04S f s 4, 0;01 £ g ^ 1 1 , the balance being c. 

[0017] Specifically, R Isselected from among Sc, Y, La, Ce, Pr, Nd. Sm, Eu, Gd, Tb, Dy, Ho, Er. Yb, and Lu. Desirably, 
R contains Nd, Pr and by as a main component, the content of Nd and/or Pr being preferably at least 10 atom%, more 
preferably at least 50 atom% of R. 
35 [0018] E is at least one element selected from alkaline earth metal elements and rare earth elements, for example, 
Mg, Ca. Sr, Ba, Ija, Ce, Pr, Nd, Sm, Eu. Gd, Tb, Dy, Ho, Er, Yb, and Lu, preferably Mg, Ga, Pr, Nd, Tb, and Dy, more 
prefereft>ly Ca, Pr, Nd, and Dy. 

[0019] The amount (a) of R Is 10 to 15 atom%. as recited above, and preferably 12 to 15 atom%. The amount (b) of 
E Is O.0O5 to 2 atom%, preferably 0.01 to 2 atom%, and more preferably 0.02 to 1 .5 atom%. 
^ [0020] The amount (c) of T, which Is Fe and/or Co, is preferably at least 60 atom%, and more preferably at least 70 
atom%. Although cobalt can be omitted (Ke., 0 atom%), cobalt may be Included In an amount of at least 1 atom%, 
preferably at least 3 atom%, more preferably at least 5 atom% for improving the temperature stability of remanence or 
other purposes. 

[0021] Preferably A, which is boron and/or carbon, contains at least 80 atom%. more preferably at least 85 atom% of 
boron. The amount (d) of A Is 3 to 1 5 atom%. as recited above, preferably 4 to 1 2 atom%, and more preferably 5 to 8 atom%. 
[0022] The amount (e) of fluorine is 0.01 to 4 atom%, as recited above, preferably 0.02 to 3.5 atom%, and more 
preferably 0.05 to 3.5 atom%. At too low a fluorine content an enhancement of coercive force Is not observable. Too 
high a fluorine content alters the grain boundary phase, leading to a reduced coerch/e force. 

[0023] The amount (f) of oxygen is 0.04 to 4 atom%, as recited above, preferably 0.04 to 3.5 atom%, and more 
so preferably 0.04 to 3 atom%. 

[0024] The amount (g) of other meial element M is 0.01 to 1 1 atom%, as recited above, preferably 0.01 to 8 atom%, 
and more preferably 0.02 to 5 atom%. The other metal element M may be present In an amount ctf at least 0.05 atom%, 
and especially at least 0.1 atom%. 

[0025] It is noted that the sintered magnet body has a center and a surface. In the invention, constituent element F is 
55 distributed in the sintered magnet body such that its concentration Increases on the average from the center of the 
magnet body toward the surface of the magnet body. Specifically, the concentration of F is highest at the surface of the 
magnet bot^ and gradually decreases toward the center of the magnet body. Ruorine may be absent at the magnet 
boc^ center because the Invention merely requires that the oxyfluoride of R and E. typically (Ri.,Ex)OF (wherein x is a 
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•number bf 0 to 1) be present at grain boundaries in a grain boundary region that extends from the magnet body surface 
to a depth of at least 20 |un. While grain boundaries surround primary phase grains of (R, E)2 T,4A tetragonal system 
within the sintered magnet body, the concentration of E/(R-hE) contained in the grain boundaries is on the average higher 
than the concenfration of E/(R+E) contained In the primary phase grains. 

[00261 In the permanent magnet of the Invention, the oxyfluorlde of {R,E) Is present at grain boundaries In a grain 
boundary region that extends from the magnet body surface to a depth of at least 20 jun. In a prefen-ed embodiment, 
particles of the oxyfluoride having an equivalent circle diameter of at least 1 |im is distributed In the grain boundary 
region at a population of at least 2,000 particles/mm^^ more preferably at least 3.O0O partlcles/mrr^, most preferably 
4,000 to 20,000 paitlcles/hrim2. The oxyfluoride Is present in an area fraction of at least 1 %, more preferably at least 2%. 
most preferably 2.5 to 10%. The number and area fraction of particles are detenninedbytaking a compositional distribution 
Image by electron probe microanalysis (EPMA), processing the image, and counting oxyfluoride particles having an 
equivalent circle diameter of at least 1 ^m. 

[0027J The rare earth permanent magnet of the invention can be manufactured by feeding a powder containing E and 
F to the surface of an R-Fe-B sintered magnet body, and heat treating the pacl<ed magnet body. The R-Fe-B sintered 
magnet body, In turn, can be manufactured by a conventional process Including crushing a mother alloy, milling, com- 
pacting and sintering. 

[0028] The mother alloy used herein contains R, T, A, and M. R is at least one element selected from rare earth 
elements inclusive of Sc and Y. R is typically selected from among Sc» Y, La. Ce, Pr. Nd, Sm, Eu, Gd. Tb. Dy, Ho, Er. 
Yb, and Lu. Desirably, R contains Nd, Pr and Dy as main components. These rare earth elements inclusive of Sc and 
Y are preferably present In an amount of 10 to 15 atom%. more preferably 12 to 15 atom% of the overall alloy. More 
desirably, R contains one or both of Nd and Pr In an amount of at least 1 0 atom%, especially at least 50 atom% of the 
entire R. T Is one or both of Fe and Co, and Fe Is preferably contained in an amount of at least 50 atom%, and more 
preferably at least 65 atom% of the overall alloy. A Is one or both of boron and cartx)n, and boron is preferably contained 
In an amount of 2 to 1 6 atom%, and more preferably 3 to 8 atom% of the overall alloy. M is at least one element selected 
from the group consisting of A1 , Cu, Zn, In, Si, P. S. Tl, V, Cr, Mn, Nl, Ga, Ge, 2r, Nb, Mo, Pd. Ag. Cd, Sn, Sb, Hf, Ta, 
and W. M may be contained In an amount of 0.01 to 1 1 atom%, and preferably 0. 1 to 5 atom% of the overall alloy. The 
balance is.composed of incidental impurities such as N and O. . 

[0029] Mother alloy Is typically prepared by melting metal pr alloy feeds in vacuum or an Inert gas atmosphere, typically 
argon atmosphere, and casting the melt into a flat mold or book mold or strip casting. A possible alternative is a so- 
called two-alloy process Involving separately preparing an alloy approximate to the RgFe^B compound composition 
constituting the primary phase of the relevant alloy and an R-rich aBoy serving as a liquid phase aid at the sintering 
temperature, crushing, then weighing and mixing thenn. Notably, the aDoy approximate to the primary phase composition 
is subjected to homogenizing treatment, if necessary, forthe purpose of Increasing the amount of the R2Fe,4B compound 
phase, since a-Fe Is likely to be left depending on the cooling rate during casting and the alloy composition. The 
homogenizing treatment is a heat treatment at 700 to 1 ,200*C for at least one hour In vacuum or In an Ar atmosphere. 
To the R-rich alloy serving as a liquid phase aid, a so-called melt quenching or strip casting technique is applicable as 
well as the above-descril;>ed casting technique. 

[0030] The mother alloy is generally crushed to a size of 0.05 to 3 mm, preferably 0.05 to 1 .5 mm. The crushing step 
uses a Brown mill or hydriding pulverization, with the hydriding pulverization being prefen-ed for those alloys as strip 
cast. The coarse powder is then finely divided to a size of generally 0.2 to 30 p/n, preferably 0.5 to 20 jjim, for example, 
by a Jet mill using nitrogen under pressure. The oxygen content of the sintered body can be controlled by admixing a 
minor amount of oxygen with the pressurized nitrogen at this point. The oxygen content of the final sintered body, which 
Is given as the oxygen Introduced during the preparation of the ingot plus the oxygen taken up during transition from the 
fine powder to the sintered body, is preferably 0.04 to 4 atom%, more preferably 0.04 to 3.5 atom%. 
45 [0031] The fine powder is then compacted under a magnetic field on a compression molding machine and placed in 
a sintering fumace. Sintering Is effected In vacuum or In an Inert gas atmosphere usually at a temperature of 900 to 
1 .250*C, preferably 1 ,000 to 1 , 1 0O'^C. The thus sintered niagnet contains 60 to 99 vol%, preferably 80 to 98 vol% of the 
tetragonal R2Fe)4B compound as a primary phase, the balance being 0.5 to 20 vol% of an R-Hch phase, 0 to 10 vol% 
of a B-rich phase, 0.1 to 1 0 vol% of R oxide, and at least one of cart)ldes, nitrides and hydroxides of incidental impurities 
so or a mixture or composite thereof. 

[0032] The sintered block Is machined into a magnet body of a predetermined shape, after which E and fluorine atoms 
are absort>ed and Infiltrated in the magnet body In order to impart the characteristte physfcal structure that the electric 
resistance of a surface layer is higher than in the Interior. 

[0033] Referring to a typical treatment, a powder containing E and fluorine atoms Is disposed on the surface of the 
sintered magnet body. The magnet body packed with the powder Is heat treated in vacuum or In an atmosphere of inert 
gas such as Ar or He at a temperature of not higher than the sintering temperature (referred to as Ts), preferably 200'G 
to (Ts-5)X, especially 250*»C to (T s-10)*G for about 0.5 to 100 hours, preferably about 1 to 60 hours. Through the heat 
treatment, E and fluorine are infiltrated Into the magnet from the surface and the R oxide within the sintered magnet 
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body reacts with fluorine to make a chemical change into an oxyfluoride. 

[0034] The oxyfluoride of R within the magnet is typically ROF. although it generally denotes oxyfluorides containing 

• R. oxygen and fluorine that can achieve the effect of the Invention including RO^Fp (wherein m and n are positive 
numbers) and modified or stabiDzed fomns of RO„,Fn wherein part of R is replaced by a metal element. 

5 [0035] The amount of fluorine at)soibed In the magnet body at this point varies with the composition and particle size 

* of the powder used, the proportion of the powder occupying the magnet surface-surrounding space during the heat 
treatment, the specific surface area of the magnet, the temperature and time of the heat treatment although the absorbed 
fluorine amount is preferably 0.01 to 4 atom%. The absorbed fluorine amount is further preferably 0.02 to 3.5 atom%, 
especially 0.05 to 3.5 atom% in order that particles of the oxyfluoride having an equivalent circle diameter of at least 1 

"to pxn be distributed along the grain boundaries at a population of at least 2,000 partides/mnl^, more preferably at least 
3,000 particles/mm^. For absorption, fluorine is fed to the surface of the magnet k>ody in an amount of preferably 0.03 
to 30 mg/cm^, more preferably O.IS'to 15 mg/cm^ of the surface. 

[0036] As described above, in a region that extends from the magnet body surface to a depth of at least 20 pJTi, 
particles of the oxyfluoride having an equivalent circle dlanr^ter of at least 1 p,m are distributed at grain boundaries at 

f 5 a population of at least 2,000 particles/mm^. The depth from the magnet body surface of the region where the oxyfluoride 
is present can be controlled by the concentration of oxygen in the magnet body. In this regard, it is reconvnended that 
the concentration of oxygen contained in the magnet body be 0.04 to 4 atom%, more preferably 0.04 to 3.5 atom%, 
most preferably 0.04 to 3 atom%. If the depth from the magnet body surface of the region where the oxyfluoride is 
present, the parficle diameter of the oxyfluoride, and the population of the oxyfluoride are outside the above-specified 

20 ranges, undesirably the electric resistivrty of the magnet body surface layer could not be effectively increased. 

[0037] Through the heat treatment, the E component Is also enriched adjacent to grain boundaries. The total amount 
of E component absorbed in the magnet body is preferably 0.005 to 2 atom%, more preferably 0.01 to 2 atom%, even 
more preferably 0.02 to 1 .5 atom%. For absorption, the E component is fed to the surface of the magnet body in a total 
amount of preferably 0.07 to 70 mg/cm^, more preferably 0.35 to 35 mg/cm^ of the surface. 

25 [0038] The surface layer or region of the magnet body where the oxyfluoride is present in the above-described range 
has ah electric resistivity of preferably at least 5.0X 1 0~^ Qm. more preferably at least 1 .0x1 Qm. A central region of 
the magnet body has a resistivity of the Qrder of 2x1 0*^ Qm. Preferably the resistivity of the su rface region is higher than 
that of the central region by a factor of at least 2.5, especially at least 5. A resistivity ratio outside that range has less 
effect in reducing the eddy current effectivety while preventing the magnet body from generating heat 

30 [0039] In permanent magnets as proposed herein, we find that eddy current loss in the surface region can be reduced 
to about one half or less as compared with prior art magnets. 

[0040] The permanent magnet material containing R oxyfluoride of the invention has a graded function that resistivity 
varies from the surface toward the Interior and can be used as a high-performance rare earth permanent magnet featuring 
the restrained generation of eddy current in a magnetic circuit, especially as a magnet for IPM motors. 
3s [0041] Methods of making such magnets, as disclosed herein, are an aspect of the Invention. 

EXAMPLE 

[0042] Examples of the present invention are given below by way of illustration and not by way of linr^ation. 
Example 1 and Comparative Example 1 

[0043] An alloy in thin plate form was prepared by using Nd, Co, A1 , and Fe metals of at least 99 wt% purity and 
ferroboron, weic^irtg predetermined amounts of them, high-frequency melting them In an Ar atmosphere, and casting 
45 the melt onto a single chill roll of copper (strip casting technique). The alloy consisted of 12.8 atom% Nd, 1 .0 atom% 
Co, 0.5 atom% A1, 5.8 atonri% B, and the balance of Fe. It is designated alloy A. The alloy A was ground to a size of 
under 30 mesh by the hydriding technique including the steps of hydriding the alloy, and heating up to 500''C for partisil 
dehydriding while evacuating the charrUser to vacuum. 

[0044] Separately, an alloy was prepared by using Nd, Dy, Fe, Co. A1, and Cu metals of at least 99 wt% purity and 
so ferroboron. weighing predetermined amounts of them. high-frequ&**cy melting them In an Ar atmosphere, and casting 
the melt In a mold. The alloy consisted of 20 atom% Nd, 1 6 atom% Cry, 24 atom% Fe. 6 atom% B, 1 atom% A1 , 2 atom% 
Cu, and the balance of Co. It Is designated alloy B. The alloy B was crushed to a size of under 30 mesh in a nitrogen 
atmosphere on a Brown mill. 

[0045] Sut)sequently, the powders of alloys A and B were weighed in an amount of 93 wt% and 7 wt% and mixed for 
ss 30 minutes on a nitrogen-blanketed V blender. On a Jet mill using nitrogen gas under pressure, the powder mixture was 
finely dh/ided into a powder with a mass base median diameter of 4 ^.m. The fine powder was oriented in a magnetic 
field of 15 i(Oe under a nitrogen atmosphere and compacted under a pressure of about 1 ton/cm^. The compact was 
then placed in a sintering fumace with an Ar atmosphere where it was sintered at 1 ,060''C for 2 hours, obtaining a magnet 
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•block. The foregoing steps were performed in a low oxygen atnnosphere so that the resulting magnet block had an 
oxygen concentration of 0.81 atom%. Using a dlanrwnd cutter, the nnagnet block was machined on ail the surfaces to 
dimensions of 50 mm x 50 mm x 5 mm. The magnet body was successively washed with alkaline solution, deionized 
water, aqueous acid and deionized water, and dried. 

[0046] Next, neodymlum fluoride powder having an average particle size of 1 0 ^m was mixed with ethanol In a weight 
fraction of 50% to fomn a slurry. The magnet body was Immersed in the slurry for 1 minute while sonicating the slurry, 
taken up and Immediately dried with hot air. The amount of neodymium fluoride fed was 0.8 mg/cm2 Thereafter, the 
packed magnet body was subjected to absorptive treatment in an Ar atmosphere at 800"C for 1 0 hours and then aging 
treatment at SOO'^C for 1 hour and quenched, obtaining a magnet body within the scope of the invention. This magnet 
body ist designated M1. For comparison purposes, a magnet body was simllarty prepared by effecting heat treatment 
withoutthe neodymlum fluoride packing. This is designated Pi. 

[0047] The magnet bodies Ml and P1 were measured for magnetic properties (remanence Br, coercive force Hcj), 
with the results shown In Table 1 . The compositions of the magnets are shown In Table 2. The magnet Ml of the invention 
exhibited substantially equal magnetks properties as compared with the magnet body PI having undergone heat treatment 
15 without the neodymium fluoride package. 

[0040] Subsequently, the magnet bodies M1 and PI were magnetized, sealed with a heat Insulating material and 
mounted In a solenoid coll. Whfle the coil was actuated at 1.000 kHz to generate an alternating magnetk: field of 12 
kA/hfi, the temperature of the magnet body was monitored to determine a change of temperature with time, from which 
an eddy current loss was. computed. The results are also shown in Table 1 . The eddy cun-ent loss of the inventive magnet 
so body Ml is less than one half of the loss of the comparative magnet body PI . 

(0049] The surface layer of magnet body M 1 was analyzed by electron probe microanalysis (EPM A), with its compo- 
sitlonal distribution Images of Nd, O and F being shown In FIGS, la, lb and lc. A number of NdOF particles were 
distributed In the surface layer. In this region, those NdOF particles having an equivalent circle diameter of at least 1 
lun had a population of 4,500 particles/mm^ and an area fraction of 3.8%. 
25 [0050J The magnet bodies Ml and PI were machined Into a rod of 1 mm x 1 mm x 10 mm. At this time, five of the 
magnet surfaces were machined so that.one magnet surface was left. Intact after the machining. Ihe non-machlned 
surface (1X10 mm) of rod Ml was wet polished with #180 abrasive paper and mirror polished with #1000 to #4000 
abrashre papers while resistivity was measured on that surface. FIG. 2 is a graph showing the resistivity versus the 
thtekness of a surface layer abraded by polishing. At a depth of at least 200 from the magnet body surface, the 
resistivity becomes as low as in prior art magnets. It is demonstrated that the magnet body Ml has a higher resistivity 
at a position nearer to the surface layer, which leads to a reduced eddy cunrent loss. The data prove that by dispersing 
oxyfluoride only In a surface layer, a permanent magnet having a reduced eddy current loss Is obtainable. 

Example 2 and Comparative Example 2 

[0051] An alloy In thin plate fomi was prepared by using Nd, Co, A1 , and Fe metals of at least 99 wt% purity and 
ferroboron, weighing predetennined amounts of them, high-frequency melting them In an Ar atmosphere, and casting 
the melt onto a single chill roll of copper (strip casting technique). The alloy consisted of 12.8 atom% Nd. 1.0 atom% 
Co. 0.5 atom% A1 , 5.8 atom% B, and the balance of Fe. It Is designated alloy A. The alloy A was ground to a size of 
under 30 mesh by the hydriding technique Including the steps of hydriding the alloy, and heating up to 600**C for partial 
dehydriding while evacuating the chamber to vacuum. 

[00521 Separately, an alloy was prepared by using Nd. Dy. Fe, Co. A1 , and Cu metals of at least 99 wt% purity and 
ferroboron, weighing predetennined amounts of them, high-frequency melting them in an Ar atmosphere, and casting 
the melt in a mold. The alloy consisted of 20 atom% Nd. 10 atom% Dy. 24 atom% Fe. 6 atom% B. 1 atom% Al. 2 atom% 
Cu, and the balance of Co. It Is designated alloy B. The alloy B was cmshed to a size of under 30 mesh in a nitrogen 
atmosphere on a Brown mill. 

[0053] Subsequently, the powders of alloys A and B were weighed on an amount of 93 wt% and 7 wt% and mixed for 
30 minutes in a nitrogen-blanketed V blender. On a jet mill using nitrogen gas under pressure, the powder mixture was 
finely divided into a powder with a mass base median diameter of 4 itm. The fine powder was oriented In a magnetic 
field of 16 kOe under a nitrogen atmosphere and compacted under a pressure of about 1 ton/cm2. The compact was 
then placed In a sintering furnace with an Ar atmosphere where it was sintered at 1 .060*C for 2 hours, obtaining a magnet 
block. The foregoing steps were perfomied in a low oxygen atmosphere so that the resulting magnet block had an 
oxygen concentration of 0.73 atom%. Using a diamond cutler, the magnet block was machined on all the surfaces to 
dimensions of 50 mm x 50 mm x 5 mm. The nragnet body was successively washed with alkaline solution, deionized 
55 water, aqueous acid and deionized water, and dried. 

[00541 Next, dysprosium fluoride powder having an average particle size of 5 |iin was mixed with ethanol in a weight 
fraction of 50% to fomi a sluny. The magnet body was immersed In the sluny for 1 minute while sonteating the slurry, 
taken up and immediately dried with hot air. The amount of dysprosium fluoride fed was 1.1 mg/cmz. Thereafter, the 
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packed magnet body was subjected to absorptive treatment in an Ar atmosphere at 900^C for 1 hour and then aging 
treatment at 500*^0 for 1 hour and quenched, obtaining a magnet body within the scope of the invention. This magnet 

• body is designated M2. For comparison purposes,, a magnet body was similarly prepared by effecting heat treatment 
without the dysprosium fluoride package. This is designated P2. 
5 [0055] The magnet bodies M2 and P2 were measured for magnetk: properties (Br, HcJ), with the results shown In 

- Tat)le 1 . The compositions of the magnets are shown in Table 2. The magnet M2 of the invention exhibited a substantially 
equal remanence and a higher coercive force as compared with the magnet body P2 having undergone heat treatment 
withtout the dysprosium fluoride package. Subsequently, the eddy current loss was measured by the same procedure 
as in Example 1, with the results also shown in Table 1. The eddy current loss (2.41 W) of the Inventive magnet body 
10 M2 is less than one half of the loss (6.B6 W) of the comparative magnet body P2. The surface layer of magnet body M2 
was analyzed by EPMA to detemfiine the concentration distributions of elements, indicating the presence of numerous 
ROF particles In the same form as in Example 1 . 

Example 3 and Comparative Example 3 

IS 

[0056] An alloy In thin plate fomi was prepared by using Nd, Co, A1. and Fe metals of at least 99 wt% purity and 
ferroboron, weighing predetemnined amounts of them, high-frequency melting them in an Ar atmosphere, and casting 
the melt onto a single chill roll of copper (strip casting technique). The alloy consisted of 13.5 atom% Nd, 1.0 atom% 
Co. 0.5 atom% A1 , 5.8 atom% B, and the balance of Fe. The alloy was ground to a size of under 30 mesh by the hydriding 
20 technique including the steps of hydriding the alloy, and heating up to 500^0 for partial dehydriding while evacuating 
the chamber to vacuum. 

[0057] On a jet mill using nitrogen gas under pressure, the coarse powder was finely divided into a powder with a 
mass base medlari diameter of 4 ion. The fine powder was oriented in a magnetic field of 15 kOe under a nitrogen 
atmosphere and compacted under a pressure of about 1 ton/cnri^. The connpact was then placed in a sintering furnace 

25 with an Ar atmosphere where it was sintered at 1 ,060*C f or 2 hours, obtaining a magnet block. The foregoing steps were 
perfomned in a low oxygen atmosphere so that the resulting magnet block had an oxygen concentration of 0.89 atom%. 
Using a diamond cutter, the magnet block was machined on all the surfaces to dimensions of 50 nrim x 50 mm x 5 mm. 
[0058] Next, praseodymium fluoride powder having an average particle size of 6 iJim was mixed with ethanol in a 
weight fraction of 50% to fonn a slurry. The magnet body was Immersed in the slun7 for 1 minute while sonicating the 

30 slurry, talcen up andlmmedlately dried with hot air. The amount of praseodymium fluoride fed was 0.9 mg/cnn^. Thereafter, 
the packed magnet body was subjected to absorptive treatment In an Ar atmosphere at 900**C for 5 hours and then 
aging treatment at 500*0 for 1 hour and quenched, obtaining a magnet body within the scope of the invention. This 
magnet body Is designated M3. For comparison purposes, a magnet body was similariy prepared by effecting heat 
treatment without the praseodymium fluoride package. This is designated P3. 

35 [0059] The magnet bodies M3 and P3 were measured for magnetic properties (Br, Hcj), with the results shown in. 
Table 1 . The compositions of the magnets are shown in Table 2. The magnet M3 of the invention exhibited a substantially 
equal remanence and a higher coercive force as compared with the magnet body P3 having undergone heat treatment 
without the praseodymium fluoride package. Subsequently, the eddy cunent loss was measured by the same procedure 
as in Example 1, with the results also shown in Table 1 . The eddy cun-ent loss of the inventive magnet body MS is less 

^ than one half of the loss of the comparative magnet body P3. The surface layer of magnet body M3 was analyzed by 
EPMA to determine the concentration distributions of elements, indicating the presence of numerous ROF particles in 
the same fonn as in Example 1 . 

Example 4 and Comparative Example 4 

45 

[0060] An alloy In thin plate fonm was prepared by using Nd, Co, A1, and Fe metals of at least 99 wt% purity and 
ferroboron. weighing predetermined amounts of them, high-frequency melting them In an Ar atmosphere, and casting 
the melt onto a single chill roll of copper (strip casting technique). The alloy consisted of 12.8 atom% Nd, 1.0 atom% 
Co, 0.5 atom% A1 . 5.8 atom% B, and the balance of Fe. It is designated alloy A. The alloy A was ground to a size of 
50 under 30 mesh by the hydriding technique including the steps of hydriding the alloy, and heating up to SOO^'C for partial 
dehydriding while evacuating the chamber to vacuum. 

[0061] Separately, an alloy was prepared by using Nd, Dy. Fe, Co. A1 , and Cu metals of at least 99 wt% purity and 
ferroboron, weighing predetermined amounts of them, high-frequency melting them in an Ar atmosphere, and casting 
the melt in a mold. The alloy consisted of 20 atom% Nd, 1 0 atom% Dy, 24 atom% Fe, 6 atom% B, 1 atom% A1 . 2 atom% 
55 Cu, and the balance of Co. It Is designated alloy B. The alloy 8 was cmshed to a size of under 30 mesh in a nitrogen 
atmosphere on a Brown mill. 

[0062] Subsequently, the powders of alloys A and B were weighed in an amount of 88 wt% and 12 wl% and mixed 
for 30 minutes on a nitrogen-blanketed V blender. On a jet mill using nitrogen gas under pressure, the powder mixture 
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Vifas finely divided into a powder with a nnass base median diameter of 5.6 pm. The fine powder was oriented in a 
magnetic field of 15 kOe under a nitrogen atmosphere and compacted under a pressure of about 1 ton/cm^. The compact 
was then placed In a sintering furnace with an Ar atmosphere where It was sintered at 1,060''C for 2 hours, obtaining a 
magnet block. The foregoing steps were performed in an atmosphere having an oxygen concentration of 21% so that 
the resulting magnet block had an oxygen concentration of 2.4 atom%. Using a diamond cutter, the magnet block was 
machined on all the surfaces to dimensions of 50 mm x 50 mm x 5 mm. The magnet body was successively washed 
with alkaline solution, deionized water, aqueous acid and delonlzed water, and dried. 

[0063] Next, dysprosium fluoride powder having an average particle size of 5 |tm was mixed with ethanol in a weight 
fraction of 50% to fonm a sluny. The magnet body was immersed In the slurry for 1 minute while sonicating the slurry, 
taken up and innmediately dried wfth hot air. The amount of dyspro^um fluoride fed was 1.4 mg/cm^. Thereafter, the 
packed;magnet body was subjected to absorptive treatment in an Ar atmosphere at 900**C for 1 hour and then aging 
treatment at 500**C for 1 hour and quenched, obtaining a magnet body within the scope of the invention. This magnet 
body is designated M4. For comparison purposes, a magnet body was similarly prepared by effecting heat treatment 
withoutthe dysprosium fluoride package. This is designated P4. 

[0064] The magnet bodies M4 and P4 were measured for magnette properties (Br, IHcJ), with the results shown in 
Table 1 . The compositions of the magnets are shown In Table 2. The magnet M4 of the invention exhibited a substantially 
equal remanence and a higher coercive force as compared with the magnet body P4 having undergone heat treatment 
without the dysprosium fluoride package. Subsequently, the eddy current loss was measured by the same procedure 
as in Example 1, with the results also shown in Table 1 . The eddy current loss (2.26 VyO of the Inventive magnet body 
M4 is less than one half of the loss (5.53 W) of the comparative magnet body P4. 

[0065] The surface layer of magnet body M4 was analyzed by EPMA, with Its compositional distribution Images of 
Nd, O and F being shown in FIGS. 3d, 3e and St. A number of NdOF parttoles were distributed in the surface layer. In 
this region, they had a population of 3,200 particles/mm^ and an area fraction of 8.5%. The resistivity of magnet body 
M4 was measured as in Example 1, FIG. 4 is a graph showing the resistivity versus the thickness of a surface layer 
abraded by polishing. At a depth of at least 1 70 itm from the magnet body surface, the resistivity becomes as low as In 
prior art magnets. 

Example 5 and Comparative Example 5 

30 [0066] An alloy in thin plate form was prepared by using Nd, Co, A1, and Fe metals of at least 99 wt% purity and 
ferroboron, weighing predetennined amounts of them, high-frequency melting them In an Ar atmosphere, and casting 
the melt onto a single chill roll of copper (strip casting technique). The alloy consisted of 12.8 atom% Nd, 1.0 atom% 
Co, 0.Q atom% A1 , 5.8 atom% B, and the balance of Fe. It is designated alloy A. The alloy A was ground to a size of 
under 30 mesh by the hydrldlng technique Including the steps of hydriding the alloy, and heating up to 500*0 for partial 

35 dehydriding while evacuating the chamber to vacuum. 

[0067] Separately, an alloy was prepared by using Nd, Dy, Fe, Co, Al, and Cu metals of at least 99 wt% purity and 
ferroboron, weighing predetermined amounts of them, high-frequency melting them in an Ar atmosphere, and casting 
the melt In a mold. The alloy consisted of 20, atom% Nd. 1 0 atom% Dy, 24 atom% Fe, 6 atom% B, 1 atom% Al , 2 atom% 
Cu, and the balance of Co. It is designated alloy B. The alloy B was crushed to a size of under 30 mesh In a nitrogen 

40 atmosphere on a Brown mill. 

[0068] Subsequently, the powders of alloys A and B were weighed in an amount of 93 wt% and 7 wt% and mixed for 
30 minutes on a nitrogen-blanketed V blender. On a jet mill using nitrogen gas under pressure, the powder mixture was 
finely divided into a powder with a mass base median diameter of 4 p,m. The fine powder was oriented in a magnetic 
field of 15 kOe under a nitrogen atmosphere and compacted under a pressure of about 1 ton/cm^. The compact was 

45 then placed In a sintering fumace with an Ar atmosphere where it was sintered at 1 .OBO^C for 2 hours, obtaining a magnet 
block. The foregoing steps were perfomied In a low oxygen atmosphere so that the resulting magnet block had an 
oxygen concentration of 0.73 atom%. Using a diamond cutter, the magnet block was machined on all the surfaces to 
dimensions of 50 mm x 50 mm x 5 mm. The magnet body was successively washed with alkaline solution, deionized 
v^rater, aqueous add and deionized water, and dried. 

so [0069] Next, catoium fluoride powder having an average particle size of 1 0 itm was mixed with ethanol in a weight . 
fraction of 50% to fomi a slurry. The magnet body was Imrnersed In the slurry for 1 minute while sonicating the sluny, 
taken up and immediately dried with hot air. The amount of calcium fluoride fed was 0.7 mg/cm^. Thereafter, the packed 
magnet body was subjected to absorptive treatment in an Ar atmosphere at goO'^C for 1 hour and then aging treatment 
at SOO^'C for 1 hour and quenched, obtaining a magnet body within the scope of the invention. This magnet body Is 

55 designated M5. For comparison purposes, a magnet body was similariy prepared by effecting heat treatment without 
the calcium fluoride packaga This is designated P5. 

[0070] The magnet bodies M5 and P5 were measured for magnetic properties (Br, Hcj), with the results shown in 
Table 1 . The compositions of the magnets are shown in Table 2. The magnet M5 of the Invention exhibited a substantially 



9 



MSOOClIk <EP 170567QAaj.> 



EP 1 705 670 A2 

equal renrianence and coercive force as compared with the magnet body P5 having undergone heat treatment without 
the calcium fluoride package* Subsequently, the eddy current toes was measured by the same procedure as in Example 

, 1 , with the results also shown In T^le 1 . The eddy current loss (2.44 W) of the inventive magnet body M5 is less than 
one half of the loss (6.95 W) of the comparative magnet body P5. The surface layer of magnet body M5 was analyzed 
by EPMA to detemnine the concentration distributions of elements, Indicating the presence of numerous ROF particles 

. in the same form as in Example 1 . 



Table 1 
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20 



25 





Br(T) 


Hcj (kA/m) 


Eddy cuH'ent loss (W) 


Example 1 


Ml 


1.435 


960 


2.53 


Example 2 


M2 


1.425 


1480 


2.41 


Example 3 


MS 


1.426 


1120 


2.64 


Example 4 


M4 


1.338 


1340 


2.25 


Examples 


MS 


1.398 


960 


2.44 


Comparative Example 1 


PI 


1.440 


960 


6.76 


Comparative Example 2 


P2 


1.420 


1080 


6.86 


Comparative Example 3 


P3 


1.420 


1080 


6.91 . 


Comparative Example 4 


P4 


1.341 


1260 


5.53 


Comparative Example 5 


P5 


1.410 


1100 


6.95 




Table 2 





R [at.%] 


E [at.%] 


T [at%] 


A [at.%] 


F [at.%] 


O [at%] 


M** [al.%] 


Example 1 


Ml 


13.956* 


13.260* 


7a754 


5.827 


0.181 


0.613 


0.677 


Example 2 


M2 


13.933* 


0.771* 


78.894 


5.837 


0.253 


0.409 


0.678 


Example 3 


M3 


13.257 


0.230 


78.957 


5.782 


0.598 


0.730 


0.498 


Example 4 


M4 


14.650* 


1.259* 


77192 


5.791 


0.279 


1.318 


0.795 


Example 5 


M5 


13.828 


0.042 


78.768 


5.828 


0.122 


0.744 


0.677 


Comparative Example 1 


PI 


13.928* 


13.220* 


78.941 


5.841 


0.000 


0.615 


0.678 


Comparative Example 2 


P2 


13.895* 


0.688* 


79.164 


5.857 


0.000 


0.415 


0.680 


Comparative Example 3 

* 


P3 


13.362 


0.000 


79.582 


5.828 


0.000 


0.731 


0.502 


Comparative Example 4 


P4 


14.612* 


1.169* 


77.477 


5.812 


0.000 


1.317 


0,798 


Comparative Example 5 


P5 


13.849 


0.000 


78.890 


5.837 


0.000 


0.751 


0.678 


* Total amount of common element contained as R and E in magnet material. 
•* Total amount of element as M In fomnula (1) or (2). 
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[0071 ] Analytical values of mre earth elements and alkafine earth metal elements were detenmined by entirely dissolving 
samples (prepared as in Examples and Comparative Examples) in aqua regla. and effecting measurement by inductively 
coupled plasma (ICP), analytical values of oxygen determined by inert gas fusion/Infrared absorption spectroscopy, and 
analytical values of fluorine detenmined by steam distillation/Alfusone colorlmetry. 

[0072] It will of course be understood that In numerical ranges given herein, the technical reasons for the upper and 
the lower limit naturally differ so that the upper and lower limits constitute independent technical criteria 
[0073] Since £ used in the surface treatment can in principle be composrtionally the same as the R used in the magnet 
body (remembering that either or both of E and R can be a mixture of different elements, and that R usually is such a 
mb(ture)» it should be noted that in such a case the concentFation E/(R+E) does not fall to be defined in the product per 
se, although It Is still meaningful as a process parameter. 
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* Claims* 

• • • • - • • 

1 . A rare earth peimanent magnet in the fonm of a sintered magnet body having an alloy composition of formula (1 ) or (2): 
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(R-E)3,^T,A^Fe0^g (2) 



wherein R Is at least one element selected from rare earth elements. Sc and Y, and E is at least one element selected 
IS from atlcaline earth metal elements and rare earth elements, R and E may comprise one or more elements In common. 

the sintered magnet body has the alloy composition of forVnula (1) when R and E do not contain the same element 
(s) and has the alloy composiiion of fonnula (2) when R and E contain the same element(s), T is one or both of iron 
and cobalt; A is one orboth of boron and carbon, F is fluorine. O is oxygen, and hA is at least one element selected 
from Al. Cu, 2n. In. Si. P. S. Tl. V. Cr, Mn, Ni, Ga. Ge, 2r. Mb. Mo, Pd, Ag, Gd. Sn. Sb. Hf. Ta, and W, indices a to 
20 g indicating atom percents of the corresponding elements in the alloy have values satisfying: 1 0 ^ a :S 15 and 0.005 

S b 2 in case of fbmnula (1 ) or 1 0.006 s a+b s 1 7 In case of fomiula (2). 3 ^ d s 1 5, 0.01 5 e 5 4. 0.04 S f s 4, 0.01 
< g ^ 1 1 » the 'bajance being c/said niisignet body having a center and a'surface and being obtainable by causing E 
and fluorine atoms to be absori^ed in a R-Fe-B sinteried magnet body from its surface, 

wherein constituent element F is distributed such that its concentration increases on the average from the center 
2S toward the surface of the magnet body, grain boundaries surround primary phase grains of (R,E)2T,4A tetragonal 

system within the sintered magnet bocfy, the E concentration E/(R+E) contained In the grain boundaries is on the 
average higherthan the E concentration E/(R+E) contained in the primary phase grains, the oxyfluoride of (R.E) is 
present at grain boundaries in a grain boundary region that extends from the magnet body surface to a depth of at 
least 20 |tm, particles of said oxyfluoride having an equivalent circle diameter of at least 1 |im are distributed in said 
30 grain boundary region at a population of at least 2,000 partlcles/mm^, said oxyfluoride is present in an area fraction 

of at least 1%, and said magnet body includes a surface layer having a higher electric resistance than the magnet 
body interior. 



4S 



2. The rare earth penmanent magnet of claim 1 wherein R comprises at least 1 0 atom% of Nd and/or Pr. 

3. The rare earth permanent magnet of claim 1 or 2 
wherein T comprises at least 60 atom% of iron. 

4. The rare earth permanent magnet of any one of claims 1 to 3 wherein A comprises at least 80 atom% of boron. 

5. A method of making a rare earth pemianent magnet having a surface layer with a higher electric resistance than 
the interior, having a concentration of F increasing towards the surface and oxyfluoride present in a grain boundaiy 
region extending to a depth of at least 20 »tm, as defined in claim 1 , comprising providing an R-Fe-B sintered magnet 
body and heat treating it with its surface exposed to atoms of E and F, e.g. fluoride of E. 
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primary phase grains, the oxyfluoride of (R,E) is present 
at grain boundaries In a grain boundary region that 
extends fipm the magnet body surface to a depth of at 
least 20 lum, particles of the oxyfluoride having an 
equivalent circle diameter of at least 1 p^m are distributed 
in the grain boundary region at a population of at least 
2.000 particles/mm^, the oxyfluoride is present in an area 
fraction of at least 1%. The magnet body includes a 
surface layer having a higher electric resistance than In 
the interior. In the pennanent magnet, the generation of 
eddy current within a magnetic circuit is restrained. 
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